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Abstract 
Geological storage of CO2 is a key component of emission reduction strategies. Options for 
geosequestration include injecting CO2 into oil and gas fields (producing or depleted), deep 
saline formations and coal seams. We have investigated injection of CO2 into coal using static 
batch experiments conducted under temperature and pressure conditions similar to the in situ 
formation conditions for the coal samples. Within a custom built batch reactor, sister sample coal 
cubes (15 mm) were immersed first in water only, and then a mixture of supercritical CO2 and 
water (sCO2-H2O). The sCO2-H2O experiment fluid chemistry indicates significant mobilisation 
of metals due to dissolution of cleat and matrix mineral matter, as well as displacement of ion 
exchangeable metals. Minor minerals within coal can be major constituents within the reaction 
fluids analysed. SEM images have provided evidence of the dissolution of both cleat and matrix 
minerals, as well as coal swelling and contraction induced by CO2 adsorption and desorption, 
respectively.  
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1. Introduction 
Most geosequestration research efforts have focused upon deep saline formations as these are 
thought to have the greatest storage capacity, neglecting sequestration within coal seams because 
of perceived small storage capacity and permeability issues. However, in regions where there are 
abundant coal formations close to emission point sources, coal measures could be a viable 
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storage option. Given that CO2 in coal is largely stored via adsorption to the internal micro-pore 
surfaces of the organic coal matrix [1, 2] there is a lower leakage risk and a greater density that 
can be stored within coal, and at shallower depths than in other potential geosequestration targets 
where the CO2 would predominantly be stored as a free gas, liquid, or supercritical fluid. 
Carbonate mineralisation in coal cleat and adjacent country rocks records migration of CO2-
charged fluids and significant quantities of magmatic CO2 are found in some coal seams [3]. 
Coals are fractured aquifers and, even after dewatering the cleats for coal bed methane (CBM) 
production, still contain some water; moreover, water and gas are commonly co-produced from 
CBM wells. If cleat mineralisation is at least partly dissolved by the CO2 acidified water, 
permeability reduction potentially caused by coal swelling could be off-set by increased fracture 
porosity. Matrix porosity could also increase if the coal matrix has highly reactive mineral matter 
content and reasonable accessibility for acidified water. Previous geochemistry experiments 
performed by members of our group [4, 5, 6] used only reverse osmosis (RO) water, and we 
have continued this as well as beginning to compare the differences between using RO water and 
more saline water.  
Most geochemical tests concerning coal in general have historically been performed upon coal 
powders, as it is easier to obtain homogeneous sister samples from powdered samples. For 
example, Hedges et al. (2007) undertook batch experiments with powdered coals in artificial 
formation water composed of many chemical species and found that certain clays, carbonates 
and other minerals, along with trace elements, were mobilised by CO2 acidified water [7]. This 
was also noted during previous geochemistry experiments performed by members of our group 
[4, 6] although for some coals clay mobilisation was not observed [5]. Some clays are more 
reactive than others, and also exchangeable cations may be mobilised from or deposited upon the 
surface of clay minerals that are otherwise unaffected by CO2 acidified water. An issue with 
using coal powders is that they have a much greater surface area available for chemical reactions 
than coal blocks, and the textural context in which minerals occur is largely lost when coal is 
powdered.  
Differences between face and butt cleat mineralogy could, in some of the studied coal 
samples, result in butt cleats being preferential flow pathways for fluids instead of face cleats 
during the permeability experiments currently in progress. This is not necessarily the same as 
saying that maximum in-seam permeability will be in the same direction as the butt cleats, as 
large joints may be the preferential flow pathway, and can easily have experienced a different 
formation and mineralisation history to that exhibited by the other kinds of natural fractures 
within coals [8]. Also, permeability anisotropy due to the action of in situ stress conditions upon 
coal structure can be an important control upon fluid flow within coal seam fractures [9]. 
A survey of formation water samples from Queensland coal seam gas production wells has 
shown that they are dominated by sodium chloride and bicarbonate, with lesser amounts of 
calcium, magnesium, and other ions in minor/trace amounts. The salinity ranges from a few 
hundred to several thousand parts per million, however; in areas we are presently investigating 
the salinity tends to lie between 1000 and 3500 parts per million. For our preliminary 
experiments involving waters dosed with sodium chloride, we chose a concentration of 1500 
ppm NaCl. Future experiments will have additional ions added progressively, as we intend to 
limit the number of variables under investigation in each experimental set. Eventually, we will 
attempt to replicate reservoir equilibrium conditions when performing both the geochemical 
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testing and the gas-water relative permeability, but not before we gain a greater understanding of 
what occurs during simpler experiments. 
2. Methodology 
Samples from different bituminous coals of a range of coal types were obtained from 
Australian Permian and German Carboniferous coal measures. The German coal is the most 
complex we have examined. It is host to significant zinc, lead, copper, iron and other metal 
mineralisation, and was locally mined for base metals [10]. The mineralisation is associated with 
normal faulting and occurred during Permian to Tertiary transpression that overprints earlier 
Carboniferous folds and reverse faults. The Australian Permian coals were sourced from the 
Baralaba/Bandanna Coal Measures of Queensland’s Bowen Basin.  
For each of the different coals, sets of at least three 15 mm cube sister samples were cut 
horizontally adjacent to one another and analysed using a scanning electron microscope (SEM) 
with an energy dispersive spectrometer (EDS). The geochemistry cubes are related to larger 
cubes used in true tri-axial permeability experiments currently in progress. Low magnification 
images of 15 mm cube surfaces provided evidence of mineralised/un-mineralised micro-cleat 
networks, mineral layering, and mineral grain distribution within the coal matrix. Higher 
magnification SEM-EDS provisionally identified both the minerals present and the context in 
which they occurred, including both before and after some experiments for certain regions of 
interest.  
Sets of three sister samples were immersed in reaction fluids at 9.5 mPa and 40 
o
C for 72 
hours, following initial purges of the apparatus with experimental gases, with helium used as the 
gas phase for blank experiments (see [6] for details of the experimental apparatus). Spycher et al. 
(2003) performed a rigorous assessment of the literature concerning the solubility of carbon 
dioxide and pure water within each other over a very wide range of temperature and pressure 
[11], and Spycher et al. (2005) reviewed and measured CO2 solubility in brines [12]. Knowing 
the approximate solubility of CO2 at our experimental conditions [11, 12], as well as the initial 
amounts of CO2 and water added to the system we have estimated the pH to be roughly 4 for 
both the CO2 acidified RO and saline water experiments. In the bicarbonate ion buffered 
formations from which the coal samples came, the pH would not be quite as acidic. However, 
these geochemical experiments were initially designed to assist interpretation of the permeability 
experiments involving RO water acidified with CO2 [6]. The experimental waters collected were 
spiked with ~2% nitric acid and analysed using predominately ICP-OES; limited ICP-MS 
analysis was also done to confirm the ICP-OES results. 
3. Sample Characterization 
Multiple minerals occurring within single “grains” of matrix mineral matter, and also within 
micro-cleats, were typical of the mineralisation in the German Carboniferous coal. Commonly 
observed, and provisionally identified with SEM-ESD, were dolomite, siderite, pyrite, and 
kaolinite, with lesser apatite, barite, gibbsite, sphalerite, chalcopyrite, and galena, among others.  
The Australian Permian coal from the Baralaba Coal Measures (referred to hereafter as Baralaba) 
commonly contained ankerite, kaolinite, illite/smecitite, with lesser siderite, calcite, crandellite, 
barite, pyrite, strontianite, barite, rutile, barium phosphate, apatite, quartz and others. The 
Permian coal sampled from the Bandanna Coal Measures (referred to hereafter as Bandanna) had 
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a much simpler mineralogy dominated by calcite and kaolinite, with minor ankerite and siderite. 
Too much data were recorded to be all included here; however, some representative images are 
given in Figures 1 and 2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Low magnification SEM back-scatter images, bedding perpendicular view. (Left) 
mineral grains and both layer parallel and micro-cleat mineralization typical of both 
the Carboniferous and Baralaba coal samples, and (Right) the complex calcite-filled 
fracture morphology observed in the Bandanna coal samples studied thus far. 
 
 
 
  
 
 
 
 
 
 
Figure 2  SEM back-scatter image (left) and X-ray false colour map overlays of elemental 
composition (right). Minerals present are kaolinite (yellow), pyrite (green), dolomite 
(dark blue), calcium (light blue) and sodium (pink) sulphate. German coal matrix.  
4. Results of initial geochemical reaction experiments 
The elements leached during experiments with sCO2-H2O largely reflected the mineralogy 
present (e.g. Figure 3), but also may include ion-exchangeable metals adsorbed to both minerals 
in the coal as well as from within the organic coal matrix. Blank experiments did show that some 
oxygen remained in the system, as a minor amount of iron was mobilised during the blanks (up 
to 1 ppm and 4 ppm for RO and saline experiments respectively), but this was generally 
insignificant compared with the contribution of siderite/ankerite leaching of iron to the reaction 
fluids. The sCO2-H2O experiment fluid chemistry indicates significant mobilisation of metals 
due to dissolution of cleat and matrix mineral matter, as well as possible displacement of ion 
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exchangeable metals (Figures 4 and 5). An order of magnitude more calcium was mobilised from 
the highly mineralised Bandanna samples in comparison with the other samples, so for ease of 
viewing the other results in Figure 4, calcium concentrations for the Bandanna samples are 
truncated and included in Table 1 instead.  
The experiments with He-H2O and coal mobilised insignificant amounts of metals (less than 
ppm). One exception was an early water blank experiment with a Carboniferous coal sample for 
which 3 ppm calcium and 1.2 ppm magnesium were detected in the experimental waters, but the 
result was interpreted to reflect mobilisation of mineral fines from a large dolomite filled cleat 
within the sample. This issue has largely been eliminated since the replacement of the old, larger 
mesh filter with the new quarter micron in-line filter, and therefore the experimental results for 
blanks are excluded from the figures for ease of viewing the other results. 
 
 
 
 
 
 
 
 
 
Figure 3   Layer parallel kaolinite and a dolomite filled micro-cleat pre (left) and post (right) 
supercritical CO2-H2O experiment, during which the dolomite was leached whilst the 
kaolinite was hardly affected, as expected. However, significant layer parallel micro-
fractures did form.  
Figure 4   Major elements mobilised during both RO and saline sCO2-H2O experiments. The 
high calcium concentrations for the Bandanna coal samples have been truncated.  
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Table 1 Major elements mobilised during sCO2-H2O experiments with Bandanna coal samples  
Concentration (ppm) 
Sample/Element Mg Ca Fe 
Bandanna S1 RO 1.2 179.8 1.9 
Bandanna D2 RO 1.4 69.6 9.5 
Bandanna S4 RO 2.3 268.0 4.2 
Bandanna S4 NaCl 2.2 336.8 6.0 
Figure 5     Minor elements mobilised during both RO and saline sCO2-H2O experiments. 
 
More potassium, manganese, strontium, and barium were mobilised during the saline 
experiments in comparison with RO experiments upon sister samples (Figure 5). Strontium and 
barium were present as minor constituents of carbonates, phosphates, and more rarely sulphates. 
Potassium mobilised was interpreted as having been ion exchanged from clays, whereas 
manganese (from rhodochrosite) was primarily associated with more abundant carbonate 
minerals present within the samples. Consistent differences between mobilisation of other 
elements during RO and saline experiments was not observed, however, with the exception of 
iron mobilisation which was influenced by residual oxygen within the experimental apparatus. 
The lead and cadmium leached from the Carboniferous coal came mainly from galena, whereas 
copper, zinc and some of the iron mobilised were due to leaching of chalcopyrite and sphalerite. 
All three of these minerals were rarely observed during SEM-EDS analysis of these specific coal 
cubes, but could have been present as nodules within the samples.  
Limited coal fines were mobilised during the supercritical CO2 experiments; however, this 
material was trapped within the in-line filter of the apparatus and as such did not contribute 
significantly to the species present within the fluids analysed. Differences in helium density and 
low pressure CO2 adsorption within treated and untreated samples also indicated the effect of 
chemical experiments upon the carboniferous samples. These showed increases in porosities and 
in LP CO2 adsorption after exposure to H2O-sCO2 mixtures, as was previously shown for 
different coals [6]. Work in this respect with further coal samples analysed is ongoing.  
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5. Discussion 
Although the estimated uncertainty of the ICP-OES analysis is ~3%, the overall error of the 
experiments is likely much larger due to difficulties in collecting all reaction fluid, and potential 
partitioning within the geochemical apparatus. Also, the inherent heterogeneity of the sister 
sample coal blocks analysed means that there could be some differences in the amount of 
mineral matter present within each block, as evidenced by the significant difference in the 
amount of calcium mobilised for sister samples Bandanna S4 RO and S4 NaCl (Figure 4). 
Sample heterogeneity is why using well mixed and split coal powders is generally preferred; 
however, the cube experiments were mainly intended to assist in understanding both physical 
and chemical effects of CO2 acidified water upon both cleat and matrix regions of coal, and it is 
easier to perform comparative SEM with coal blocks. More carbonate mineralisation was 
observed in butt cleats than face cleats for a couple of the Permian samples, and we will 
investigate further to see if this trend applies generally to coal from those specific locations in 
the Bowen Basin. We intend to use the results of the experiments to assist interpretation of coal 
cube permeability experiments within a true tri-axial stress apparatus [cf. 6].  
As was discussed by Jaffe and Wang (2004) [13], mobilisation of hazardous metals due to 
CO2 acidification of formation water is a potential concern, and was evidenced by the initial 
results for our investigation of Carboniferous coal but not the Australian Permian coals under 
investigation. However, it is important to note that we have only a few data points for one overall 
sample from the Carboniferous coal source, so no real conclusions as to exactly how much 
mobilisation of metals will occur within the entire coal formation can be drawn from these 
preliminary results. Even so, we have shown that reactions between CO2 acidified water and 
minerals within coal, especially mineralised cleats, could potentially create additional pore space 
and at least partially offset CO2 induced coal swelling. 
6. Conclusions 
Texture and mineralogy of test samples are relevant to the chemical results and aid in 
interpretation of the geochemical data. Without SEM analysis before and after the experiments, it 
would be difficult for us to interpret the extent to which the metal mobilisation detected by the 
geochemistry experiments is likely to impact upon permeability. For example, the majority of 
mineral matter dissolving during a particular experiment may occur just in the matrix instead of 
the cleat system, or only within one cleat orientation (as for some of the Permian samples). 
Mobilisation of carbonate cleat minerals observed is expected to increase the permeability of 
certain samples analysed in our permeability apparatus. Further geochemical experiments as well 
as repeat analysis with different conditions/methodologies will confirm the exact degree to 
which the elements are mobilised under certain conditions. We will also do experiments with 
naturally buffered solutions similar to real situations, where bicarbonate present in formation 
waters is expected to off-set to some degree the acidification caused by CO2 dissolving in water. 
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